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PROJECT ABSOWICT 


BeBearch 1e continuing on eatabliBhlng the tecl.nlcal and economic 
feaeibility of excavation eystemB baeed upon the rock-melting (Subterrene) 
concept. A seriee of electrically powered, small-diameter prototype melt¬ 
ing penetrators have been developed and tested. Research activities 
include optimizing penetrator configurations, designing high-performance 
heater ayeteme, and improving refractory-metals technology. (Die properties 
of the glass linings that are automatically formed on the melted holes are 
being investigated for u wide veriety of rocks and soils. Ihermal and 
fluid-mechanics analyses of the melt flows are being conducted with the 
objective of optimizing penetrator designs. Initial economic models of 
the rock-melting concept extended to large tunnelers are being developed. 
Field teeta and demonstratlans of the prototype devices continue to be per¬ 
formed in a wide range of rock and soil types. Ihe conceptual design of 
the electrically powered, self-propelled, remotely guided, horizontal 
tunnel-alignment prospecting system (Geoprospector) has been initiated. 

Such a device will also find applications in energy tranemisslon, l.e., 
utility and pipeline installations. 

Ihe long-term goal of the research is to develop the technology and 
prototype hardware that vlU ultimately lead to large tunneling devices, 
with Ingiroved advance rates and reduced tunnel project coats. Ihe rock- 
melting concept includes elements that will result in innor-atlve solutions 
to the three major functional areas of tunneling: rock disintegration, 
materials handling, and hole-support linings. The proposed excavation 
method, which is relatively Insensitive to variations in rock formation, 
produces a liquid melt that can be chilled to a glass and formed into a 
dense, strong, firmly attached hole lining. 

Unique applications to large automated tunneling systems, ultradeep 
coring for geoscience research, and hot-rock penetration for geothermal 
energy development are being investigated. 



I. nrmoDUCTioN ahd simiahs' 

A. Ot.leetlves 

Ke technical efforts and reeaurcee of the LASL rock-melting 
(Subterrene) program have been distributed to yield a balance of prototype 
hardware of Increasing coa^lexlty and size, laboratory experiments, prac¬ 
tical field-test e^^rience, design and economic analyses, electric heater 
develx^men;., materials develoiaaent and applications, and theoretical 
studies. Ibe results of these technlcsil activities are planned to yield: 

• Sie desnnstratlon of the basic feasibility of rock-melting as a 
new excavation tool for applications up to 150 mn (6 in.) In 
dlaneter. 

• Operational and field-test data from prototype devices of a range 
of sizes and configurations, and the verification of prellsdnary 
theoretical modeling needed to scale to larger diameters, predict 
performsnce, make cost estimates, and optimize advance rate 

end reliability. 

• Refractory materials technology sufficiently established to permit 
predictions of cos^nent life and to generate materials selection 
criteria for prototype development needs and projections of service 
life for systeaa la practical appUcettona. 

a Field-test experience and operational demonstrations sufficient to 
project comserclal use In the ii^^rtant practical a^llcatlon of 
coring In loose or unconsolidated materlalt, and to demonstrate 
the potential utility of the smaller-dlameter prototype devices. 

• Iheoretlcal models end analytical techniques needed to describe 
the heat transfer and fluid wchonlca of the rock-melting and pene¬ 
tration processes for the purposes of optimizing configurations, 
predicting perfOnsance, and scaling of system dimensions. 

B. Technical Approach 

Ihe technical effort la organized Into five technical rctlvlty areas 
whose functions are: 

• iTototype Design and Ibst. 

• Directed Research and Development. 

• Power Source Design and Development 

• Field Dsst and Osmonstratlooa 

• Systems .Analysis and Applications. 

nie significant results and achievements In the research and development 
program are sunsarlzed for each of these five technical activities In five 
major sections of this report for the period December 31, 197<^ to 
September 1, 1973. 

C. SuBmiary 

The beginning of this year has seen a considerable expansion of the 
LASL research and development efforts In applying rock- and soil-aeltlng 
techniques to excavation technolo.'iy. Extended laboratory and field 
activities have bean initiated. The technical staff assigned to the 
program and the laboratory feclIUles have been Increased significantly. 

Ihe Rrogram staffing and technical task* are plaaocd to item the nueleua 
for an effort that would he dlnscted toward the epplicatloo of rock- 
melting to large-diameter tunneling syatema. 



Die design and development of the Initial configuration of an extruding 
penetrator vas finished. Inhoratory experiments vlth this 66-imn-dlam, ain- 
gle-melt-flov-channel, extruding penetrator were eucceesfuUy completed and 
holes were melted in basalts, granite, end a variety of low-density and 
loose soils, ihese universal extruding penetrators (UEPs) showed the basic 
features of rock-melt flow handling. Debris In the form of glass pellets, 
glass rods, or rock wool was formed by chilling the melt and carrying the 
debris out of the stem with the coolant flow. A larger-dlasoter (82 mm) 
hlgh-advance-rate UEP was designed and fabricated. Ihe ll4-mm-dlam corlng- 
consolldatlng penetrator system that produces a 63 -iim-diam, glass-cased 
core was designed, fabricated, and initially tested, ihe conceptual design 
study for a 300-mm-dlam coring Geoprospector was finished. This electri¬ 
cally powered mlnltunneler is Intended to be the major design study of the 
current program and is haeed upon the experience, data, analysis, and 
conc^ts developed hy the prototype-penetrator design and development effort. 

At the relatively high tenperaturee, ISOO to 2300 K, of rock-melting 
penetrator system operatlot^ most materials react with one another to some 
extent and thermodynamic and kinetic lifetime limitations are therefore 
under investigation. Component and field data have confirmed a service life 
of /V 200 h. Materials research in the interaction of refractory metals 
vlth liquid rock melts thus far Indicates that a life goal of 1000 h is 
poselble. techniques for rock-glass property evaluation and optimization 
are under development. Eie aim of the work is to perfect rock-melt glass 
as an to situ structural element to serve as hole support to the excava¬ 
tion. Refractory materials fabrication techniques necessary for develop¬ 
ment puipoees have been established, dermal- and physical-property data 
sufficient for input to analyses have been acquired. 

fba design, materials selection, and testing of a vide variety of 
electrical heaters for small-diameter penetrators have been accomplished. 
Reelstively heated, pyrolytic-graphite heater elements, which radiate 
energy to the refractoiy metal penetrator body, nave proven to be moat 
eatlsfactory for the development efforts. Increased advance-rate goals 
('vO. 3 to 1.0 mm/e) require high-heat-flux heaters. Investigation of new 
designs and materials, beat pipes, and alternative approaches to resis¬ 
tance-heating have been initiated to enhance heater heat-flux capabilities. 
Life tests of heater assemhlles have been initiated. 

Field-test units for a small-diameter penetrator system were designed, 
fabricated, and operated. Evaluations of consolidating and extruding 
penetrator systems have provided valuable data and experience on reli¬ 
ability and service life. A practical application of melting glass-lined 
drainage holes to Indian ruins was demonstrated to visitors of the 
Bandeller Rational Monument, HM. Mobilization of field units for a public 
demonstration in Washington, DC, or at other locations has been convicted. 

Ihe design, apeciflcations, and purchase of a mobile rig for large- 
diameter penetrators with 300-m stem-length capacity have been coa^leted 

Conceptual designs of large-dlamster tunnel-boring machines were 
established for the extremes of the difficult tunneling conditions of 
unconsolidated ground and very hard abrasive rocks. A beneflt-to-cost 



study vBB coipleted and Indicated that savings on projected transportation 
demands tbrou^ 1990 vore sufficient to gl'/e a beneflt/cost ratio of 8.9 
for a development cost of $100 x 10^. theoretical analyses of the heat 
transfer, of the melting processes, and of the fluid mechanics of melt- 
flov are veil advanced. Nmerlcal solutions of the coi^led melt-flow and 
energy relations, accounting for the strong tei^erature dependence of 
rock-melt viscosity, and studies of a variety of penetrator geometries 
have heen accoiqillahed. these theoretical studies give direction toward 
penetrator designs ^Ich will maximize the advance rate and minimize 
thrust requirements. Optimizations of conflgiu^tlons for both consolidat¬ 
ing and extruding penetrators have been performed. Significant opexatlng 
ncqps for past and current penetrator designs have been developed. Confir¬ 
mation by laboratory operating data for some pesetratora have eatabllahed 
the validity of those analysea. therefore, a detailed predictive method 
for the melting concepts has been perfected, and design and scaling to 
large-diameter tunaelers can now be acco 2 !q>ll 6 hed reliably. Cosputer 
programs for thermal conduction and atructinral analysea have been developed. 

Bie study of applications of Subterrene systems to a wide variety of 
excavation tasks continued. Bartlcular interest In a emall-dlameter system 
for forming glass-lined norlzontal holes for utility emplacement and drain¬ 
age applications motivated a preliminary design of such a system, Ihe 
Geoprospector concept, especially the self-propulsion and remote-guidance 
featurea, continues to elicit Interested responses from the exce.vatlon 
Industry. Pipeline Installation end the placing of tranamlsslon lines 
underground are major application areas. Die melting of holes In perma- 
finat for support plllnge of arctic oil and gas pipelines have been 
discussed extensively with Interested industrial firms. 

The work conducted during this r^orting period has clearly delineated 
the design dlrectione and solution approaches needed to solve the major 
outstanding technical problems: Increased penetration rate and extended 
service life. 
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II. PROTOTXEE DESIGN AND lEST 


A. Preliminary Desten of Geoproepeetor 

1. Ditroduetlon 

A Subterrene system with Immediate applications 
would ^e a relatively small-diameter ( 3 OO mm), elec¬ 
trically powered mlnitunaeler that would be remotely 
guided and self-propelled to form a hole along a 
prc^osed tunnel route while continuously extracting 
core sauries. Such a system would enable detailed 
analyses to be made of the geology along a proposed 
tunnel route. Ibis system, termed a Geoprospector, 

Is intended to perfona thle survey task and addl- 
tlonally to serve as a small-scale prototype In an¬ 
ticipation of some problems that will arise in the 
future development of larger-dlazoeter nuclear-powered 
Subterrene tunnelers. 

2. Conceptual Design 

Ihe conceptual design of the Geoprospector Is 
well advanced and the general design features of the 
system are Illustrated by the Isometric sketch In 
Fig. 1. Ihe device Is electrically powered, requires 
~ 100 kW of power to melt an accurate 300-mm (l-ft)- 
dlam glass-lined hole while removing a 200-mm (8-in.) 
glass-cased core at a rate of 0.4 mm/s (5 ft/)i). 

The accurate diameter and stable hole lining allow 
the use of a packer-thruster unit located in the 
hole-forming assembly. Provision Is made for an 
orientation-sensor package and a guidance unit, also 
located within the hole-forming assembly. A hollow, 
flexible stem which trails behind the assembly con¬ 
tains the electric power, coolant, and Instrumenta¬ 
tion lines; and provides a dshris passage for remov¬ 
al of the chilled melt. Core sections are removed 
through the fle'iible stem Intermittently with 
conventional wire-line core retrieval hardware. 

3. Penetrator Body. Glass Forming, and Dehrls 
Bemoval 

configuration of the penetrator body and 
melting surface is shown In Fig. 2. ilbe melting 
face is envisaged have 12 axial channels through 
which rock melt flows to the chill-Jet nozzles. Die 
penetrator body Is designed to operate at a surface 
teiqperature of 18 tO K and will be fabricated from 
molybdenum-tungsten alloy either forged In a contin¬ 
uous-ring rolled shape or assembled from 12 separate 
modular units. AuxlUlary melt-flow channels will 
be provided adjacent to the melting surface to 
enhance the effectiveness of the melt-removal process 


by directing melted rock Into the channels leading 
to the chill-Jet nozzles. Except for the factors 
governed by the relatively large aasembled size of 
the penetrator, the technology necessary to build 
and operate the penetrator body and melting surface 
is being tested as part of the current Subterrene 
rock-melting technical activities. 

Two distinct heater design options are available 
for the Geoproepeetor concept. 3h the first, the 
heaters would be located In the penetrator body In a 
circumferential pattern, and radiation heat transfer 
would be utilized to deposit the required melting 
energy into the refractory metal melting surfaces. 

^e second design would locate the heater farther 
away from the melting surface and would cov^ple the 
thermal energy to this surface through a series of 
hl^-tesi^eratiare, liquid-metal heat pipes. Die 
relative advantages of the two beater-system options 
are being critically examined. 

Die major functions of the rock-glass forming 
and debris-removal system are (l) to form a dense 
structural glass lining on the wall of the hole and 
(2) to duet the melted rock from the annular melting 
face throu^ an array of melt-chilling Jets where 
the scoria will mix with a coolant fluid, be frozen 
It.to particles, and then he removed by fluid trans¬ 
port via the flee stem. Diese functions are 
illustrated In Fig. 3. 

B. Penetrator Development 

1. Consolidation Penetrator Experiments 

Penetration by melting and subsequent density 
consolidation relies upon the porosity of the parent 


Auxiliary Heaters 
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Fig. 3 . Rock-glacs-forralng and debris-removal system. 
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Fig. Schematic of density consolidation In 
porous rock. 


rock or soil. Biis process is Illustrated in Fig. k, 
which shows how the rock melt Is formed into a glass 
lining and how the larger hole diameter Is melted to 
accommodate the lining 

Ibis method of penetration eliminates the 
dehrls-removal process. Bie ratio of outer to Inner 
radius of the glass lining is therefore related to 
the properties of the rock and lining hy the conser¬ 
vation of mass. Ihe resulting radius ratio Is: 



Is the radius of the penetrator or Inner glass lin- 
Ing, pp Is the density of unmelted rock, and Is 
the density of the glass lining. Penetrators utiliz¬ 
ing density consolidation for melt disposal are re¬ 
ferred to as melting-consolidating penetrators (MCPbX 
Significant technical achievements in this area 
Include: 

a Consolidation penetrator designs have heen 
developed to the point where compressed-air- 
cooled, oxidation-resistant, easily replaceable 
penetrators are In satisfactory use for both 
laboratory experiments and field demoastxatlons. 


• A 7?-mni (3.0-In. )-dlam MCF has been designed, 
constructed, and laboratory tested. At heat¬ 
er powers of » 6.1 kW and thrust loads of 
2.3 to 7-5 kN, advance rates ig) to 0.15 mm/s 
were obtained. tThe glass linings of the 
holes were of the predicted thickness and 
the higher thrust loads resulted In smooth, 
high-strength glass linings of lower porosity. 

• A small, 12-mm-dlem desk-top penetrator was 
designed and tested successfully. Several 
units were produced and used In demonstratlcDS 
of the melting process. 

• Die design of a revised 75-mm-diam penetrator 
system has been completed to Initiate Inves¬ 
tigations of steering and guidance methods 
by a series of experiments In making 
horizontal holes. 

• A series of tests were carried out with the 
73-imii-dlam MCP melting Into specimens of 
tuff and alluvium to obtain performance data 
on the vsn-iatlon of. penetration rate with 
thrust load, ihese tests generated signif¬ 
icant data, Indicating that higher thrust 
loads (in alluvium particularly) are bene¬ 
ficial in obtaining higher advance rates, 

• A test was performed In which the tuff 
specimen was tilted deliberately while being 
penetrated by the 73-mm-dlam consolidating 
penetrator thus simulating a guided penetra¬ 
tor In which steering is accomplished by 
stem-warplng. ibe test demonstrated that a 
path deviation of 1.3 degrees per 60 mm of 
advance Is feasible (radius of curvature, 

« 4^ m). 

• ibe design of a 30-sim-dlem penetrator with 
a fluted body was completed, which should 
have some structural and melt-flow advantages 
over a conventional configuration. 

2. Extrusion Experiments In Hard, Dense Rock 

Extrusion penetrators are required In dense 
materials and are designed to continuously remove 
the debris from the bore hole. As Indicated in 
Fig. 5 the melt flow, confined by the unmelted rock 
and the hot melting face of the penetrator, is con¬ 
tinuously extruded through a hole (or holes) In the 
melting face. Ibis material Is chilled and freezes 
shortly after the circulating cooling fluid impinges 
upon the extrudate exiting from the extrusion region. 
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I— Debris Removot Zone 



Fig. 5. Extruding penetrator concept. 
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Fig, 6. Debris from basalt hole made by extruding 
penetrator shov;ing rock wool and glass- 
pellet constituents. 


If freezing is accon^lished cjuickly, the material 
will be in the form of frozen glass rods, pelldts, 
or rock wool. The flowing coolant can then trans¬ 
port these small fragments up the stem to the exhaust 
section. T^rpical peHets and rock wool that were 
formed from frozen extrudate and removed by the cool¬ 
ing fluid during a basalt test are shown In Fig. 6. 

Significant technical achievements In this area 
Include: 

• Extruding penetrators have been used 

successfully to produce glass-lined bores 
in samples of tuff, alluvium, basalt, end 



Pig. 7. Bctended-surfiice 8i;-cn-disa UEP. 


granite. In view of their demonstrated 
versatility in varying rock and ground typea, 
they will be referred to as "Vhiveresl 
Extruding lAsnetrators" (UEFa). 

• A 66 -on-dian UEP was aueenbled and teats 
were initiated. A aeriea of laboratory 
melting and endurance tests were conducted 
in preparation for field testa In a bualt 
ledge. 

a A 6S-aB-diaa extrusion penetrator melted a 
hole in a concrete sp^^eimen. 

a The design of a UEP witi> a higher advance 
rate was coig>leted snd fabrication has com- 
aenced. The design required a diameter of 
82 am to aeconaodate the requisite melt-flov 
channels and three sets of pyrolytic-graphite 
heater stacks. This design introduces the 
concepts of extended melting surfaces and 
multiple melt.removal or -transfer channels 
to promote thinner melt layers. A sketch 
of this penetrator is shown in Fig. 7, and 
the predicted performance map for this pene¬ 
trator smiting in basalt ia included as 
Fig. 8. 

3. Experiments In Dlveralfled Rock TVpes 

The ability of MCPs to produce smooth, strong, 
firmly attached glaas linings in a variety of con¬ 
solidated or unconsolidated low-density rocks and 
soils has been continually desionatrated aince the 
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Vj (<Km/$) BlltiVSlSX. 


Fla, 8. ProjeeUd lithotheraodynisilc perfowwrxe 
for S2-s*9-dt*» hlgh-«d«*nc«-rote UEP in 
buaiit. Penetrotlon rcte, V,,, vi 
ponetrotor «urf«ce tosperotwo, T,, *hcvlne 
curve* of eon*t*nt pover end thrust. 



Fig. 9. Cross section of hole cielted in tuff. 
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1:?. (iolc In granite etrple ^lv.eci by U£P. Kbte extrudeci debric and thin glBEe lining. 


inception of the prograe. lypical exanple* arc the 
thick glass lining associated vith a hole nelted in 
tuff Illustrated in Fig, 9 and a eelf>aupporting 
glass'lined hole riclted in unconsolidated alluviun 
illustrated in Fig. 10. A nore novel application 
involves a series of testa using 50* and 75*<>B-dlaa 
KCPs eelting into frozen (£00 X) alluvlsl apaclaena 
containing «. lo-i’Oj vater by velght (aitsulated arctic 
pernafrost). 'ihe penetrators readily produced glass- 
lined holes in the frozen apecloent as depicted in 
Fig. U. 

In hard, dense rock, UEPs incorporating coaxial- 
jet dcbrie-reoovBl ayeteem have successfully pene¬ 
trated and glass-lined bdres in basalt and granite, 
vith the granite hole and debris Illustrated in 
Fig. 12 representing a typical sarcple. Ebeperinents 
have also been carried out vith the UEPa sieltlng in 


porous caterialo such os tuff. The tuff extrudate 
consisted of glass rods that broke off only vhen 
the rod extended the length of the experimental 
stem. The differences between the basalt and tuff 
extrudate are escribed to the large difference in 
viscosity between the two glass melts and to the 
significant volume fraction of unmelted quartz crys¬ 
tals in the tuff melt. The UEP produced a thin 
glass lining on the hole. In contrast to the thicker 
linings forced in tuff by i^KPs. The thin glass 
lining and extruded glass rods are illustrated in 

To provide further standardizetion In rock¬ 
melting penetration tests, a set of eight standard rock 
types commonly used in rock mechanics research has 
been ordered. This set includes basalt, granite (3 
types), limestone (2 types), quartzite, and sandstone. 




Fig. 13 . Hole in tuff nelted ty UEP. Hote rods of 
extrudate and thin glaes hole lining. 
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fr. Hfith Advance Bate BcperL-oent B 
At Indicated in Section II-B, deaign hac teen 
completed and fabrication otai^d of an 6:‘-m>diaci 
extrusion penetrator having a large stjrfaee heat- 
tranefer area, multiple melt-flou passages, and sul* 
tiple heater atacka. Eased on the enhanced surface 
area, reduced operating nelt layer thickness, and 
high thrust capability, analyses predict that this 
unit ulll mlt rock at a significantly faster (r^Bx) 
rate than previous UEP designs. A design study lios 
also been initiated on a high-edvance-rate consoll> 
dating penetrator that vlU incorporate the favorable 
aspects of the nelt-transfer consolidation (iJiC) con¬ 
cept detected by analjaicox studies, Ihc thcoretieel 
analysis of this concept is covered in dctcil in 
Section VI-B. Advance-rate goals of from 0.4 to 
0.8 nm/e (*v 5 to 10 ft/h) have been chosen. 

C. Alluvium Coring Penetrator Developmen t 

Ihe Subterrene concept of rock penetration by 
progressive melting has been expanded to include a 
technique for obtaining continuously retrievable 
geologically interesting core samples from the mate¬ 
rial being penetrated. Ihe coring concept utilizes 
an annular melting penetrator vhich leaves an unbelt¬ 
ed core in the interior that can be removed by con¬ 
ventional core-retrieval techniques. Although the 
concept is applicable to either the extrusion or 
consolidation mode of melt-handling, initial emphosis 
has been placed on a consolidatlng-corlng penetrator 
as Illustrated schematically in Fig. 14, 


A llh-ca-dtaa consolidating coeer intended for 
use in porous alluvial colls hoc been dcclgnod, con¬ 
structed, and ealibratlon-tcoted in the lutoratory. 
Ifcc core diameter is mm end the scltliiR tody, 
which is vacuum-arc-cect molybdenum, is fabricated 
as a 1 ingle-structural coa(pon*nt aa Uluatrated la 
Fig. 15 . ^le water cooling system incorporated 
represents a departure from the conventional gas 
systems end has' been suceessfuUy checked in the 
laboratory. t'Sinor adsptatisns of comaercially avail¬ 
able coie extraction tools arc in proiircss for use 
with the olluvlur. corer. Ucaij^n pot-cr level is 13 kW, 
and initial testing was accomplished at 9 kW in ollu- 
vluB with low thrjat loads and iienetration rates In 



Fig. 15 . PiotOi 3 ‘aph of Uh-i-a-dianeter 

eonsolldatlng-corlng penetrator. 
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ttK rM«« Cro« 0.0$ to 0.15 an/*. SnittaX ttatiag 
■upportad bjr tvO'diatnalouX tM«t«condtiCtlon caXcu* 
latloM ytriflcd that rocJc>a»Xt wtn 

undaatratijjr htit) twhlnd tbn tnauXatlaf pymljrtie* 
fmphltt vaiber^ rt*uXttn« la bl^ t4M[|p«ratuna. 
Ibta portion of «bt coring panctrator la balag re* 
ctatlfMKt to altar tba tbarwal fX^aca•^and furUtar 
tattlnc viu coMMnea altar tbtia 4«at<A chaatai 
art iiaplaatntad. A dataUad Utba^tbataodynaalc 
analyata of tba parfOraanca of tbla daalan baa baaa 
davalopcd and dlractlona for atcnlftcaot taDrovaaanta 
la admca rata bava baeo lodicatad. 

6. QXaaa Waralna Ibol D«ntXep««>t 

OonaoXldatton panatratora bava baan taatad with 
bt 4 b tbnMt Xoada Into tuff apacljaaaaf aod tba (laaa 
valla of tba raaultlas holai bat* baaa of Much battar 
vlaual quality tbaa notad pravloualy. Xt la poatulatad 


that the bicbar thruat loada ar.d aaaoclatad hlflhar 
prcaauraa in tba rock nelt alalalte sai>bubble avo> 
lutlon vblcb can cauae volda in the glaaa valla. 
Xheoratteal calculatlo.ia of tbaraal hiatorlaa for 
glaaa llnlnga bava bac.a initlatad. Xbete tbaraal 
hiatorlaa follow tba radial tcaparatura proftlca 
tbrot«h the glaaa tblcknaae and Indicate the tlac 
apent by tbe frtatlng aelt In the loftenlng raglM, 
working range, and annealing range of tcE^ieratiHpaa. 
Studlca of tbe relative influence of cooling by the 
aurroundlng rock and tbe cooled tt«i will be uacd to 
asieaa the hlatory of radial erddlenta In the glut 
wall and will therefore Indicate rcaldual atreac/ 
atraln atatea. Xbcac tiM>blatory atudlea have 
yielded leaulta which Indicate the dealgn dlreetlnna 
for optiAlzatlon of the theraal deaign of tbe glaaa* 
forming afterbodies of penetrator ayateaa. 



ZIl. OIRECIEO RESEARCH AMD VEVEWPtiEHT 


A. Htterialji Science and Technolomr 
1. Introduction 

hl'ih tempcraturee reached in Suhterrene 
penetrator ayeteas require a set of afttcrlals nnin- 
talnlnff not only atructural. and phyaicsl integrity, 
but alto a high degree of chcsical inertneta over 
extended periode of tlaa. Realiaatlon of thia ideal 
altuatton bcconta difficult at tba eugBaated opaiwtlng 
tepperoturca of the eyetee, 16C0 to '^300 X, and poa- 
albly higher in the cane of certain radiant heater 
dealgne. Ihe oaterlal teiq>erature range la vide ba> 
cauae a high power density mist be trananitted Ifom 
a central core of the heater so that enple heat flux 
can be conducted to the aurfbee in contact with the 
rock. Becauie aoat nateriala will react with one 
another to aooe degree in this togperature range, 
Intrineie thernodynaBlc and kinetic lifetlae 
limitations muet be inveatigated. 

2, Befractory AUoy-Boek Holt Ihteractioni 

A literature survey was conducted on the types 
of apparatus suitable for determining interaction 
r.ttee between penetrator refractory alloys and rock 
melts. Although dynsmic testing systems will even¬ 
tually prove desirable, intentions are to initially 
use static conqiatabillty testa between molybdenum 
and tungsten and various rock melts. Static compat¬ 
ibility testing bos been initiated with studies of 
the corrosion or dissolution reactions of molybdenum 
with standardized baaalt rock. Figure 16 tbova 
a typical penetrator coated with basalt glaae after 
coa^letlon of a laboratory test, lii these experi¬ 
ments the rock "Btandard" is melted in a molybdenum 
crucible aiid held at tea^rature for known periods 
of time. After cooling, the amount of metal dis¬ 
solved In the rock glass is msasured and the sec¬ 
tioned crucible is examined netallurglcally for evi¬ 
dences of corrosion and chemical reactlona. Rrlor 
to the actual test, the standardize'! rock la powered 
and a sample submitted for chemical analyses, Ihe 
crucibles co-e llkevlBe characterized with regard to 
chemical purity and pretest microstructure. 

^e first experiments, run at teiiq>eratures of 
1328 , 1913 , and IB 98 K ore being analyzed. Qiasa 
esqperimenta vlU investigate quantitatively the 
effects of time and temperature on the reactions 
between molybdenum and rock glass melts. Information 


on reaction rates will be obtolned, os well as on 
activation energies, equilibriun solubilities, and 
reaction mechanisms. 

Cos^tibUity experiments have been run between 
titanium and vanadium on the one hand, and basalt 
and tuff on the other. The objective was to deter¬ 
mine a suitable brazing amtcrial for use at the aft 
end of penetrator bodies. At 1675 K the titanium 
was severely attacked, vheruas reactions with the 
vanadium were much less severe suggesting its use 
as a brazing material. 

Fostmortem metallurgical examinations of several 
fflolybdeniBi penetrators (including a unit field-tested 
under especially harsh conditions for 293 ks ° 32 h) 
are in progress. Both a pretest and a post-test 
molybdeiiuB penetrator have been examined by x-ray 
radiography. Ihe pretest "shadowgraph" will be used 
as a basis for nondestructive examination after long¬ 
term operations. Radiographs of the used unit shoved 
that corrosion can be observed by this technique and 



Fig. 16. Penetrator coated with baaalt glass after 
withdrawal from hole. 
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Tig. 17. Coaptriion ot calculated BlexpcrlaratcUy 
indicated penctrator td^craturea at the 
graphite receptor - aulyhdamai tody 
Interface. 

that the atate of the gftphlte heater plUa Inalde 
nay alao he acen. 

3. Rnwr Source Hateriala 

The baaic chenlcol reactione involved In 
Suhterrene power-aource materials are those of the 
refractory aetal-carho.t systesi, vlth some possible 
contributions firon inpurities within the metal, 
carbon, and heliua gaa that eurrounds the heater. 

The motivating reason for studying these chemical 
reactions la the possibility of predicting and en¬ 
hancing penctrator lifetime, a most ln^tortaat eco¬ 
nomic factor. The lifetime of a penctrator unit 
must be ultimately dependent upon the internal re¬ 
fractory netal-grs^hlte interactlona for the 
prototype radiant-heater penetrators currently 
being uaed. 

Significant technical achlevesenta in thla 
area include: 

a Internal chemical reactivity in prototype 
Suhterrene radiant-heater penetrators has 
been investigated by means of sectioning 
and examining metallurgical Eamples. Dlmo- 
lybdenum carbide, is the major reaction 

product formed between the base metal and the 
Graphite receptor interface. Ir. those re¬ 
gions where corbldlng has occurred, tcijper- 
atures have been computed by means of mea¬ 
surement of the carbide layer thickness and 
the \ise of reaction-rate data for the ^to-C 


system. These temperatwes have been coqparsi 
to those calculated from thermal-analysis 
considerations. Ae illustrated in Fig. 17, 
agreement is very good, with the calculated 
values being n. 30 K higher. The coi^arlcon 
is limited to those regions where the carbide 
layer has not delsaineted internally, 

a The present radiant-heater design Is 

considered superior to that using the aoiyb- 
denuaA^ron-nltride/cmrbon set of natarials 
in view of a marked reduction in complexity 
and number of potential chemical reactiona. 
Higher operating teaperatures are also 
possible, 

• Similar experimental techniques should be 
applicable to penetrators fabrlceted Iran 
other refractory metal-carbon systems for 
which appropriate raactios-rate data are 
available. 

e Using available molybdenum-graphite reaction- 
rate data, the graphite receptor thicknesa 
required for a 1000-h lifetime at a given 
tetperature has been calculated. The results 
for a thln-valled cylindrical receptor and a 
plane receptor ere shown in Fig. I8. Note 
that these data are strongly temperature- 
dependent. fiy using the actlvltatlon energ¬ 
ies it con be shown that a teaq^rature in¬ 
crease In the receptor of 200-300 K will 
Increase the carblding rate constant by a 
factor of tsn and hence reduce the life by a 
corresponding factor. These calculations 
ore being extended to the case of tingaten 
penetrator bodies and ThC-coated receptors. 

s ^limlnary experiments have been initiated 
to evaluate thin vapor-deposited laC coatings 
on graphite receptors to serve as a barrier 
in preventing excessive internal carblding 
within the molybdenum penetrator body. 

Graphite receptors and electrical contact 
rods have been coated with a layer of ThC 
having an average thickness of 0.33 nm. Ini¬ 
tial results Indicate that the diffusion 
barrier will be useful in extending receptor 
life, particularly for molybdenum penetrators. 

e Additional internal oxidation lurotection for 
molybdenum extraction portions of penetrators 
has been provided through the use of either 
platinum or MoSij, coatings. 
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Fig. 18. Calculated graphite receptor thickness 
required for 1000 h life vs temperatiire 
for thln-valled cylinder and plane 
geometries. 

• Fenetrator service life goals of 1000 h have 
heen eatahllehed, and efforts are In progres 
to define llfe-llaltlng mechanlems and to 
Indicate directions for solutions. 

U. Rock (HasB Tachnology 
Ibe Coming Class Works, Coming, Dew York, 
were visited to acquire technical Information about 
glasB technology that can he applied to rock glasses 
and thereby form the basis for a rock-glass 
optimization development program. In addition, the 
groundwork was established for technical collabora¬ 
tion with Coming in the Subterrene program relative 
to such tasks as rock-melt viscosity determinations. 
As a result of this visit, a rock-glass development 
and strength-optimization program has been outlined 
and initiated. 

B. Refractory Alloy fabrication 

!nie majority of penetrators thus far have been 
fabricated ftom molybdenum. The several tungsten 
penetrators that have been fabricated and tested 
have clearly demonstrated that tungsten has the 
capability of operating at higher temperatures and 


hence yielding greater penetration rates. An extensive 
effort has been Initiated to ensure acquisition of 
tungsten stock In the proper sizes and shapes for 
forthcoming Subtexrene penetrator fabrication. 

General Electric Co., Cleveland, OH, can produce 
tungsten blanks as large as 200 nm In diameter,and 
Hah Chang Corp., Albany, OR, la optimistic about 
working in large forged and ring-rolled shapes of 
tungsten and moly-tungaten alloys. The fabrication 
technology required to pierce and ring-roll large 
tungsten shapes Is not expected to introduce any 
psurticularly new problems. 

A new alloy, Mo-30 irt^ W, has been obtained 
and Is undergoing metallturglcal examination. Consol¬ 
dating 50-Din-diam penetrators have been fabricated 
from thla alloy, and manufacturing ease was found to 
be equivalent to that of molybdenum even though the 
alloy has a melting tei^rature 100 K higher. 

Refractory-metal machining techniques have ad¬ 
vanced to the stage where large, fluted, profiled 
bodies are being fabricated and deep holes are being 
drilled In molybdenum parts. In addition, techniques 
have been developed for high-temperature (2000-2300K) 
vacuum fumace-brazlr. g of penetrator coniponentE. 

C. GeoBclencee 

Significant technical achievements in this 
area Include: 

• A literature search was conducted to locate 
the general rheological and thermal proper¬ 
ties of basalt melts. A r^ort compiling 
these properties for basalt has been prepared. 

• Preliminary planning for petrological exam¬ 
ination of parent rock and derived rook-glass 
sauries is in progress. The potential cor¬ 
relation of petrographic information with 
physical properties and ultimately its exten¬ 
sion to Subterrene design and p'^rformance 
are the desired goals. 

• Melting tests have been conducted on several 
san^ples of concrete, in particular those used 
in the 6-')-mm-dlam HEP test. Results indicate 
that this grade of concrete melts In the vi¬ 
cinity oi 1525-1575 K and should be capable 
of extrusion. Not all coiiq)onents melt, how¬ 
ever, but this problem also exists in tuff 
which has been extruded successfully. 

• The melting behavior of granitic gneiss sam¬ 
ples has been determined. These samples 



vere obtained from a quarry on the grounds 
of Ft. Belvoir, VA, the site chosen for the 
Washington, DC, display sod denonstratlon. 

s CoiQiatlblllty experiments between nolyDdenvm^ 
tungsten, and basement granites obtained 
from a borehole made In conjunction with the 
Geotbenoal Energy program have been conpleted. 

e A diamond coring sett^ to obtain small sam¬ 
ples of rocks and glasses has been coi^leted. 
Cores nay range up to 25 mn in length and 
from ~ 3 to 25 tm in diameter. Ihls setup 
coupled with the Isomet saw and a diamond 
wire cutter will provide precislon-ssji^llng 
capability. 

e Melting-range experiments have been cosplet- 
ed on Nevada Dest Site alluvial soil, NV; 
Tuzlgoot National ttinvunent, AZ; and Pecos 
National Monument, NH, rock sanples. 


e A precision air pycnometer has been added 
to the laboratory roCk-dlagnostic equipment. 
Coupled with adequate sample preparation and 
weight measuretaent, it.will be possible to 
accurately determine the density, bulk den¬ 
sity, and degree of porosity of the various 
rocks and minerals. 

• Analysis of the total free silica In Baudeller 
tuff to a depth of 38 m has been coipleted. 

Bie average free SIO^ content Is 30.8 ± 1,8% 
Including crlstoballte, with a gradual but 
distinct trend towards falser SIO^ content 
with increasing depth. Ihese data supple¬ 
ment the chemical, mlneralogicnl, and water- 
content iufbmatlon already obtained. 


/ 
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17. KMEt eOlStCZ BBSIQH ABD OEVEIAfHEirF 


A. Electric Bjver Sources 

1. Introduction 

A wide variety of electrical heatere for Enall- 
dlaneter SuLbterrene penetratore have heen deelgned, 
constructed, and tested. Ibe basic materials prob¬ 
lem Is the incoi^atlblllty of refractory materials 
at the required operating temperatures of 'x 2000 to 
2U00 K, while the basic design problem stems from 
the requirement for large heat flutes from the heat¬ 
er surfaces. Ibese high fluxes are necessary to 
maintain the cuter surfaces of the penetrators at 
operating teng>erature8 high enough to melt roch at 
useful rates. Siemal resistances of materials re¬ 
quired for electrical Insulation must be kept low 
to reduce Internal ten^rature gradients, because 
large gradients would require increased heater tem¬ 
peratures which, In turzb would accelerate the cheml- 
cel reaction rates between the heater surfhces and 
adjacent materials. 

Ihe successful use of pyrolytic graphite as a 
radiant heating element end the low thermal resle- 
tance of a polycrystalllne (FOCO) graphite radiation 
receptor were combined to produce a very stable 
heater assezibly. nie heater consists of a stack of 
oriented pyrolytic-graphite disks held in a graphite- 
lined cavity by a spring-loaded graphite electrode. 

A cross-sectional view of a typical assembly Is 
shown In Fig, 19. 

The direct-current path Is down the center stem 
conductor, through the spring-loaded electrode con¬ 
nector to the graphite electrode, down the electrode 
to the pyrolytic-graphite heater stack, through this 
stack to the molybdenum penetrator body, back up the 
body to the withdrawal structure, and through this 
structure to the afterbody and outer stem. The cen¬ 
ter conductor is made positive with respect to the 
outer stem to suppress thermal electron emission 
from the stack, thereby reducing the tendency for 
arcing between the heater stack and the recqjtor. 

Tlie heater cavity Is filled with helium to enhance 
the radial heat transfer. Heat fluxes of up to 
2 Mf/m^ have been obtained from pyrolytic-graphite 
radiant-heater elements. The features of this de¬ 
sign which contribute to efficiency and durability 
can be suamai'ized as foUows; 



Fig. 19. Cross section of a consolidating penetrator 
with stacked pyrographite radiant heater 
and a POCO graphite radiation receptor. 


• A heater cavity containing only graphite In 
the high-temperature region. 

• The use of a specialty graphite (FOCO) for 
the receptor whose thermal expansion charac¬ 
teristics match those of molybdenum and whose 
absorbtlvlty for radiation energy is near 
unity. 

• A nonisotroplc pyrolytic-graphite heater 
stack oriented so that the high electrical 
resistivity ("c" direction) is parallel to 
the penetrator axis, end the high thermal 
conductivity ("a-h" direction) is normal 
to the penetrator axis and in the direction 
of principal heat transfer. 

• A hollow heater cavity to allow control of 
the relative heat generation along the pene¬ 
trator length. 

s Utilization of the exertional combination 
of high compressive strength and low thermal 
conductivity of pyrolytic graphite ("c" di¬ 
rection) for the Insulator between the heated 
penetrator body and the cooled afterbody. 







Fig. 20. Photoriraph ol' heater characterization apparatus. 


2. Heater PeTrelopment and CharacteristlcE for 
Penetrator Research 

Significant technical achievements in this 
area include: 

• The design, fabrication, and field-testing 
of an improved electric heater for consoli¬ 
dation-mode penetrators (in which the pene- 
trator body,.withdrawal structure, heater 
elements, and graphite electrode are a her¬ 
metically sealed unit) was completed. In¬ 
cluded in this development program was the 
fabrication of a special heater-processing 
apparatus for filling the penetrator with 
helium and testing the hermetic seal at 
operating teinperatures. This apparatus is 
Installed in the heater-development labora¬ 
tory and is also used for temperature- 
cycling the coB^jleted penetrator system by 
using the internal heater. 

• The design, fabrication, and utilization of 
a heater-characterization apparatus has been 
con^jleted. Characterizations of pryolytic- 
graphite heater assemblies to be used in 
50-mm MCPs, 66-mra UEPs, and lllt-mm ACPs with 
respect to overall electrical resistance, 
specific resistivity, and heating uniformity 
at temperatures up to 2600 K were accom¬ 
plished. A photograph of the heater- 
characterization apparatus is shown in 


Fig. 20, and typical reslstance-vs-temperature 
plots for stacked pryolytic-graphite heaters 
obtained from this apparatus are shown in 
Fig. 21, Each heater element that will be 
used in a field or laboratory test penetra¬ 
tor is routinely characterized in this appa- 
tus to verify heater uniformity and quality 
control, 

• The design, fabrication, and utilization of 
the first heater test apparatus has been 
completed. The heater test apparatus eval¬ 
uates heater performance under realistic 
conditions, but in a carefully instrumented 
situation and without the presence of molten 
rock. Various heater designs can be tested 
for performance In terms of operating tem¬ 
perature, input pov:er, and heat-flux distri¬ 
butions as well as for electrical and chem¬ 
ical stability. A photograph of the appara¬ 
tus taken during the initial assembly is 
shoivn in Fig. 22. The apparatus basically 
consists of: (l) a 50-mm-dlam molybdenum 
cylinder which is analagous to a penetrator 
body, (2) a heater element identical to that 
used in the 50-mm MCP; (3) a closely fitted 
water-cooled copper jacket that acts as a 
heat sink for the energy rejected by the 
molybdenum cylinder, and (4) the associated 
instrumentation for monitoring the test. 
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Resistance (A) 



Temperature (K) 

Fig, 21. lypical reslstance-vs-temperatxtre plots 
for pirrolytie-graphite heatere. 



Fig. 22. Initial assembly of heater test apparatus. 



nie heater cavity and the gap between the 
cylinder and the cooling jacket are filled 
with a helivim-argon gas mixture, the exact 
composition of which is adjusted to produce 
a wide range of power demands for a given 
cylinder surface temperature. A cross- 
section of the heatef test apparatus is il¬ 
lustrated in Fig. 23. laical test data 
relate heater teiig)erature to input power and 
molybdenum-cylinder surface temperature. 

• Bie first heater-lifetime test stand to per¬ 
form extended laboratory heater lifetime tests 
has been built. One unit has been coiqpleted 
and five more stations are being constructed. 
Bie heater lifetime test stands are similar 
in design and operation to the heater test 
apparatus. Bie first lifetime test was ter¬ 
minated after 720 ks (200 h) althoxigh the 
heater was still perfonnlng satisfactorily. 
Data from these tests will be used for reli¬ 
able estimates of prototype heater lifetimes. 

• Design concepts have been formulated for 
hlgh-advance-rate penetrator heaters aimed 
toward supplying more thermal energy directly 
to the leading edge of the penetrator. 
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• Ihe low-tenperatvore reeletlvlty of a 

of pyrolytic graphite vae measured bo that 
futuie heater fahricatlon can utilize these 
realstlvlty dlfferencea to meet design needs. 

• ihe use of a IhC.coated receptor to reduce 
the carburization of the molybdenum penetra- 
tor body has been verified In the Isibormtory. 
Tbst operating conditions were: body surface 
tea^erature, IfiOO K; heater teiqierature 
SU'SO K; power Input, k.6 kWj and a heater 
surface heat flux of ~ l.U HW/m®. 

• Annular or rlng>shaped pyrolytlc-grapblte 
heaters have been designed and characterized 
for use in UEP and ACP designs. Heaters of 
this design have been operated In laboratory 
tests of the ACP and performance was essen¬ 
tially as predicted. 

3. Alternatives to Direct Heslstance Heating 

One possible approach to increasing the heat 
flux at the leading edge of penetrators and also 
allevlatlag the need fOr very high currents in 
hlgher-power-denend systems is to eiQ>loy electron- 
beam heating of the penetrator body. Die energy In 
the beam can be controlled over a vide range of volt¬ 
ages end currents, and stem design can be focused cn 
Insulating for the higher voltages vlth conductors of 
relatively small cross sectloosl area. One design em¬ 
ploys a diode s<m structure vlth the cathode in the 
form of a concentric double tube. Initially, best 
is sig^lied to raise the cathode to its operating 
tes^eratinre of ~ 2^00 K by direct resistance-heating. 


As the penetrator body reaches Its operating temper¬ 
ature of ~ ifiOO K, only a small amount of power would 
be required to maintain cathode tesq)erature. Elec¬ 
tron emission from the cathode Is a strong function 
of temperature, and the desired voltage-current 
relationship Is therefore maintained by controlling 
the heating current tilled to the cathode. 

Ibe second design uses an electron gun with a 
suitable beam-shaping anode plate. Ibe relatively 
mw»ii cathode area can be heated Initially by a lover 
current than the diode design, and this cment would 
be reduced further as the penetrator body approaches 
its operating temperature. 

In addition, the use of hlgb-ten^erature liquid- 
metal heat pipes for enhancing the energy flow to 
critical penetrator areas Is being studied. High 
thermal heat fluces, low operating teaqperature gra¬ 
dients, and the ability to locate the heat source 
remotely are a few of the potential advantages of 
heat-pipe systems. 

B. Power Source Controls 

Ibe design, construction, and calibration of a 
digital readout system fbr monitoring penetrator 
power, voltage, current, and heater resistance for 
both laboratory and field-test operation has been 
coipleted. Die design and fabrication of an auto- 
metic power-system control unit to be used Init iall y 
as a part of the lifetime test stands has cozaaenced. 
Dlls unit will be ineoiporated into a more sophis¬ 
ticated advance rate-power control system including 
feedback control loops. 
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V. FXBI£ 1SST AKD ISlCHSmTlOHS 


A, Field Penonatratlon Unite 

1. Introduction 

The principal objectlvea of field-testing com¬ 
plete penetrator eyetems are the performance evalua¬ 
tion of the ayatem under actual field conditions and 
the acquiaition of realistic data on syatem reli¬ 
ability and expected service life. Data and experi¬ 
ence from field teste form an important input in the 
penetrator-system design-optimization process. Field 
testa also demonstrate prototype system performance 
at a level of development approaching that required 
for commercial applications. 

The field-test program was established with the 
design, construction, and utilization of the first 
portable, modularized field-demonstration unit (FDU). 
This initial FDU provided a self-contained unit for 
demonstrating smaU-dlameter rock-melting penetra¬ 
tion system capabilities at locations away from the 
immediate Los Alamos area. The unit was designed 
to produce glass-lined bores in low-denalty rocks 
or soils and to achieve the following specific 
objectives: 

a Rrovlde field demonstrations of basic rock- 
neltlng principles end capabilities. 

a Produce glass-lined drainage holes in ar¬ 
chaeological ruins. 

a Melt prototype utility holes under roadways. 

a TJest improved glass-forming designs. 

• ftrovide extended-lifetime test data for the 
refractory metal penetrators. 

• Serve as a pi\>totype and yield data and 
experience for the design of larger units 
for future field tests of Subterrene system. 

The FDU Is easily transportable and capable of 
remote, self-contained operation utilizing an air¬ 
cooled stem in place of the laboratory water or 
inert-gas cooling systems. A schematic sketch of 
the coiq)leted FDU is shown In Fig. 24. The various 
modularized con^onents are designed to be stored 
and transported in one trailer. 

The major components of the FDU and their basic 
functions are described below: 

• Thruster - Two double-acting hydraulic cyl¬ 
inders and a mechanical chuck are used for 
gripping the stem and thrusting the heated 
penetrator into the rock formation and also 
for extracting the penetrator. 



Fig. 24. Schematic of initial field-demonstration 
unit. 


• Hydraulic Power Supply and Control Conaole - 
An electric-motor-driven hydraulic punp sup¬ 
plies pressurized oil to the control console 
for use in operating the thruster. The con¬ 
trol console provides control of the thruster 
(l.e., of its direction and amount of thrust 
applied) by means of regulating valves. An 
accumulator in this console provides a reser¬ 
voir of available hydraulic power for rapid 
movement of the thruster or for emergency use 
in retracting the penetrator in the event of 
an electrical failure. 

a Electric Power Supply and Control Console - 
Electrical power is sillied by a gasollne- 
englne-drlven generator which provides 
~ 10 kW of 24o-V single-phase 60-Hz power. 

The control console modulates the power to 
the penetrator and contains e rectifier to 
change the 60-Hz to direct cmrent, a step- 
down transformer to provide lower-voltage/ 
higher-an^Bersge power, a Varlac for voltage 
control, and associated instrumentation. 

a Air Compressor - A gasollne-englne-powered 
air coD^pressor is used to supply cooling air 
to the penetrator stem and for chilling the 
rock-glass lining. 

a Melting-Consolidating Penetrator - This part 
is a sealed penetrator unit designed to oper¬ 
ate with the air-cooled stem for penetrating 
porous rocks and soils. 

a Stem Sections - Modified sections of standard 
drill rod commonly \:eed in oU-fleld drilling 
are used. They are fitted with an Internal 
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Fig. 25. Consolidating penetrator at exit of 
~ 15-m-long horizontal hole In tuff. 


copper tube vhlch serves as a conduit for 
the cooling air and as a conductor for the 
electrical power to the penetrator heater. 

2. Hechnlcal Achievements 
Significant technical achievements In this 
area Include : 

• The design, fabrication, and successful uti¬ 
lization of two field-demonstration units 
for use with 50-inm-diam air-cooled, sealed, 
consolidating penetrators. 

• The use of a FDU to make a 13-m and a 13-m 
horizontal penetration Into Eandeller tuff. 
The exiting penetrator is shown In Fig. 25 
for the 15-m-long hole, and the field-demon¬ 
stration unit la shown In place In Fig. 26. 

• Tuo very straight glass-lined holes, one ver¬ 
tical and one horizontal, have been produced 
In Bandeller tuff with a field-demonstration 
unit. These holes are each ~ 13 m long and 
deviate from straightness by less than 10 mm 
along their entire length. 

a Numerous penetrations Into various loose and 
unconsolidated soil san^le^ Including layered 
samples formed from different loose material^ 
have been conducted to examine the resulting 
glass liners. The glass liners have been of 



Fig. 26. Field-demonstration unit in position for 
horizontal penetration. 


good quality and the smooth transition across 
the layered sanples was particularly 
encouraging. 

« Eight water drainage holes were melted with 
a FDU at the Ealnbow House and T^onyi ar¬ 
chaeological ruins at Bandeller National 
Monument, NM, in cooperation with the National 
Park Service. By utilizing a consolidation 
penetrator, the required glass-lined drainage 
holes were made without creating debris or 
endangering the ruins from mechanical vibra¬ 
tions. Fig. 27 shows the rock-melting demon¬ 
stration unit in place at Bainbow House and 
Fig. 28 shows the unit at the plaza in the 
TVuonyi ruins. Specifically, this operation 
has shown the following: 



Fig. 27. Bock-meltlng demonstration unit at 
Bainbow House ruins. 
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Fdg. 28, Kock-nelting demonstration unit at 
lyuonyi ruins. 

(1) Subterrenee can be operated eucceeefuiJy 
under field conditions and in areas remote 
from the laboratory. 

(2) Ihe consolidating penetrator can mslce 
its vay through alluvial fonnatlonE contain¬ 
ing some moderately sized basaltic it>ckB by 
thermally cracking the rocks and forcing the 
melt into the surrounding soil through the 
cracks. 

(3) Qhe Subterrene has demonstrated its 
first useful and unique application and has 
been established as more than a laboratory 
device. 

• Tbe Subterrene rock-melting unit vas turned 
over to the National Iterk Service (NFS) 
after conflation of the first five holes at 
Bsndelier and after suitable training of NFS 
personnel. Ihe NFS subsequently melted three 
more holes vlth minimal lASL supejrvislon. 

• A field-demonstration unit vhlch will operate 
with a 66-mni-diam universal extrusion pene¬ 
trator for hard-rock penetrations has been 
designed, fabricated, and successfully test¬ 
ed in basalt, 

3. Public Demonstrations 

Ihe initial melting of drainage holes in Indian 
ruins at Bandelier National Monument has been com¬ 
pleted. Considerable Interest in the Subterrene op¬ 
eration was shown by the tourists and visitors to the 


Monument. An invitation has been received to conduct 
a Subterrene demonstration in Washington, DC, in 
early October. Flans for this event are In progress, 
a site has been selected, and the penetrator equip¬ 
ment and mobilization trailers are available. 

B. large Diameter, Mobile Test Rig 

Ihe design of a mobile test rig has been com¬ 
pleted and the unit la being fabricated. Ihls rig 
will be used with penetrators from $0 to 127 mm in 
diameter, with Initial testing ascoaf lisbed with the 
Ub-sD-dlam alluvium-coring penetrator. He primary 
cosfonents of the rig ere: 

a lyailer-Bounted thruster and stem tower. 

a 125-kW electric power sifply. 

a 125-kW rectifier and power conditioner. 

a Control consoles. Instrumentation displays, 
end recording equipment. 

He thruster will be able to support pipe stems 
300 m long and will produce a downward force of 
80,000 kN. Hrough the uee of a double set of grip¬ 
ping mechanisms and dual thruster systems, the unit 
will provide continuous movement of the etem during 
field melting operations. 

C. Hwer Rig 

Melting Consolidating Penetrator systems of 
50 nan diameter were used to melt several vertical 
holes in local Bandelier tuff to depths of 16 and 
25 m. Hese experiments were signlficent because 
the holes were made continuously under field condi¬ 
tions into undisturbed in situ volcanic rock. How¬ 
ever, the electric-power, atem-cooling, and instru¬ 
mentation systems were derived from laboratory 
facilities. 

He test stand consisted of an iS-m-tall rigging 
tower which supported (1) the stem-and-penetrator 
assembly during hole melting> and (2) the pulldown 
assembly that guided the MCF into the ground. Figure 
29 shows the tower rig and Table I lists the operat¬ 
ing performance parameters for the 16- and 25 -m-deep 
holes. 

Two 8-m-deep holes ~ 300 mm In diameter have 
been drilled In the tuff formation under this rig 
and filled with alluvium ffom the Nevada Hst Site 
so that the UA-mm-dlam alluvium coring penetrator 
can be tested without moving the tower rig from its 
present location. A modified thruster has been In¬ 
stalled and the tower rig is ready for testing the 
coring penetyator. 
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TABLE I 


TOPICAL OtSRATIHa FEBFQSHAIICE EABAMBISBS FOR 
16- AMP SS-m-miP HOLES MAPS Bf TOFF 
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D. Penetrator Life Beat Facility 

A facility la being designed to teat the Long* 
term abraalon and corrosion vear rate of melting 
penetratora. Qie facility vlU conalat of tuo unites 
each of idiich vlU contMl the operation of two pene> 
tratore. Ihe penetratora will travel in 5-m-long 
troughs filled with alluvium or other types of com¬ 
pacted soils or rocks. After each teat run the 
glass linings will be removed and new material will 
be added to the troughs for the next teat. Ihe fa¬ 
cility will be housed in a sheltered area to control 
the moleture content of the materials and to pexnlt 
extended, uninterrupted operation. 

E, Test Site Location and areparatlon 

A basalt formation in Ancho Canyon near Los 
Alamos has been selected as the Subterrene Basalt 
Test Site (designated as lASL Technical Area S6) 
for field demonstration of extruding penetrators. 
Overburden has been removed to expose the surface 
of the basalt layer for convenience in conducting 
the field tests. Easy access has been provided to 
this area, and the 66-mm-dlam FDU has been assembled 
end is operating at this location. 



Fig. up. Tower rig for melting holes with 

preassembled stem length of ~ 15 m. 
Rigged for melting holes in tuff 
with a MCP. 
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VI. SIB3BE rjMUESlS AHD AmJCASlDlS 


A, large Tunneler Sealgn and System Definition State 

1. Introduction aad Conceptual Desten 

The laost chwllynsing and potentially algntflcant 
application ot tlie roeic-neltlng concept la Ita adap¬ 
tation to a large, contlnuotu tannellng ■achlne. 

Die extension of the technology to a large-dlaaeter 
concept 1 b a natural outgrowth of the program In 
progress at LASL to develop small prototype penetra- 
tors. Ihe list of existing and potential applica¬ 
tions for rapidly produced, relatively Ine^qjienslve 
large boles, tunnels, and underground excavations Is 
very long and offers solutions to many of man's snst 
urgrat ecological and technological prohlems. Ibe 
Inplomentatlon of these applications while protect¬ 
ing the environment and preserving the natural land¬ 
scape Is the goal of advancements In excavation 
technology. 

In their I 968 puhlleation on the subject of rapid 
excavatloi^ the Cosnlttee on Rapid Excavation of the 
National Research Council (BRC) defined ten specific 
Individual reaear^ projects that should he pursued 
on the basis of their potential contribution to the 
field of underground excavation. Of these ten rec- 
omnended resesrdb projects, no less than seven are 
directly relevant to the research activities on 
roek-neltlng technology and Its application to the 
large-tunneler conc^t and to cm automated geolog¬ 
ical coring device termed Oeoprospector. 

Itallke the soaU-dlemeter applications of the 
roeh-meltlng concept where a single technique for 
material removal may he utilized, the volume re¬ 
quirements of a large tunnelor system lead quite 
naturally to a coniblnatlon of such techniques. 
Although numerous coolblnatlons of penetration-mode 
techniques appear feasible, two comhlnatlons are 
noteworthy because they attack the two extremes of 
undesirable ground conditions. A conceptual design 
of the penetrating face of a tunnel-horlng machine 
for soft or unconsolidated ground utilizing the 
rock-neltlng kerflng technique Is Illustrated In 
Fig. 30 . Ihe tunnel bore Is formed by a series of 
segmented peripheral kerf-melting elements. Ihe 
unsymmetrlcal profile of these kerflng elements 
directs the melted rock radially outward to form a 
thick molten layer utilizing density consolidation 
for melt disposal. A glass-forming section, located 


directly behind the melting elements, conditions 
the molten sock Into a smooth, continuous, glass 
tunnel lining. Sie Indivldusl segments forming the 
perli^eral kerf melter could he serviced or replaced 
as separate units. An eiray of conventional soft- 
ground mechanical cutters Is located on a rotating 
face contained within the peripheral kerf melter. 
Gage cutters are not required as a result of the 
melted and glass-lined tunnel bore and a contlnuoiis 
conveyor or hydraulic slurry pipeline could he used 
for conventional muck removal. 

A conceptual design of the penetrating face of 
a tunnel-horlng machine for hard, dense, and abra¬ 
sive rock Inco r p ora ting the rock-melting kerflng 
technique and tbezmal-strese fracturing Is Ulue- 
trated In Fig. 31. Die tunnel bore la again formed 
by a series of segaented peripheral kerf-meltlng 
elements. Diese elements es^loy the universal melt¬ 
extruding concept and direct the melted debris to a 
continuous removal eysten leaving only a thin molten 
layer along the tunnel bore. A glass-fbrmlng sec¬ 
tion conditions this molten rods Into a smooth, con¬ 
tinuous glass lining. An array of smaU-dlameter 
universal melt-extruding penetratore le located on 
the nmchJne face contained within the peripheral 
kerf melter. Ihese penetrators etdvance behind the 
melting kerf In a pattern sufficiently dense to 
cause thezmal-stresB firacturlng of the heat-affected 
rock. Die melted debris from these smaU-dlameter 
penetrators Is directed to the continuous melt- 
removal system. Die concept envlslone the use of 
many closely spaced small-diameter penetrators to 
keep the total melted volimie low while still Initi¬ 
ating high thermal stresses In the rock regions be¬ 
tween adjacent peneluators. Die muck resulting from 
thermal-stress fracturing could be either removed 
by a separate conventional system or mixed with the 
melt debris and Introduced into a fluidized pipeline 
transport system. 

2. Nuclear Subterrene Tunneling Machine (iBDi) 

Based on preliminary calculations, a power- 
source requirement of ~ 13 W (thermal) would be re¬ 
quired for a kerf-meltlng tunneler for desirable 
penetration rates In the 6-m-diam range. Although 
electric beaters will he studied for a variety of 
geometries and power levels. It is anticipated that 
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Fig* 32. Basic con^onents of a 
liquid-metal heat pipe. 


economic and technological tradeoffs vill favor a 
compact nuclear power source at a total power re¬ 
quirement le^ than 10 MW. A compact nuclear reac¬ 
tor could supply the energy for even a very large 
penetrator advancing at a high rate and would permit 
the conceptual design of a self-contained unit con¬ 
trolled hy telemetry from the surfsce. Bie size of 
such a source, even Including elshorate shielding, 
would allow its use In diameters appreciably smaller 
than the 6-m size used as an example. 

Development work on systems that would optimize 
the energy transfer from the power source to an ar¬ 
ray of melting penetrators has led to the utilization 
of the LASL-developed heat-pipe technique for both 
nuclear and larger electrical sources. For 
Subterrene applications, the evaporator end of the 
heat pipe la embedded within the electrical or nu¬ 
clear heat source, and the condenser section would 


be adjacent to the rock-melting surface. Uie basic 
con^onents of a llquld-metal beat pipe are illus¬ 
trated In Fig. 32. 

Ihe general field of heat-pipe-cooled nuclear 
reactors has been Investigated at LASL, and experi¬ 
mental work has been performed to eatablish the fea¬ 
sibility of such designs, Ihe use of heat pipes fbr 
cooling and transferring energy from a reactor is 
attractive because It permits the design of highly 
redundant systems, Hbe conceptual design of a com¬ 
pact nuclear reactor which could be adapted for 
Subterrene application is shown in Fig, 33. Numer¬ 
ous heat pipes transport the reactor energy to the 
melting face of the penetrator. Two-dimensional 
heat-transfer calculations have indicated that a 
sufficient number of heat pipes of overdesigned ca¬ 
pacity can be included In such a design to permit 
sustained operation of the reactor with allowahle 
fUel-element ten^eratures In the event of Isolated 
heat-pipe failures, Beactor power is controlled 
through the use of multiple control rods which are 
withdrawn through the aft radiation shield. 

3.- Bjtentlal Sources of Economic and 
Technological Gains 

Stressing the total system concept, the objec¬ 
tive is to provide a well-matched tunneling concept 
that attacks the three major aspects of tunneling: 
excavation, materials handling, and s^lpports and lin¬ 
ings. Although novel rock-dislntegratlon techniques 
have been categorically criticized on the basis of 
their higher specific-energy consunption, the fact 
that power costs represent a very small percentage 
of the tunnel cost has been docisnented. 3be follow¬ 
ing potential advantages of NSTMs are noted: 

• The elimination of temporary tunnel supports 
by substituting a formed-In-place glass lin¬ 
ing, especially In weak and broken rock, 

• The elimination of permanent tunnel linings 
In those applications for which the formed 
glass lining Is independently adequate. 

e Cost reductions resulting from the use of 
cos^letely prefabricated permanent tunnel 
linings made possible by the dimensionally 
stable and precise geometry of the glass 
linings. 

• Penetration-rate advances In hard rock hy 
the use of a continuous process as opposed 

to the Intermittent drlU-and-blast technique. 
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Flg< 33< Schematic of a ehleldedj heat-pipe-cooled nuclear reactor for Subterrene appUcatione. 


• Penetration-rate advances In loose or uncon¬ 
solidated ground through the elimination of 
the serious risk of roof failure, 

• Additional tunnel stability through the use 
of a hard-rock disintegration technique 
that preserves rather than reduces the in¬ 
herent strength of the unexcavated rock mass. 

a Keductions In tunneling-machine downtime 
throxsgh the elimination of gage cutters and 
reductions in the number of mechanically 
wearing con^nents. 

• Keductions in excavation cost resulting 
from the ability to produce bores of any 
desired cross-sectional shape. 

a Improved environmental control through the 
elimination of hazards resulting from exces¬ 
sive dust, noise, ground shock, fumes, end 
ground collapse. 

B. Theoretical Analysis 

1. Introduction 

theoretical analysis research has progressed 
In both the analytical formulation and the numerical 
analysis directions. Efforts have been directed to¬ 
ward the development of new analytical and ntuaerlcal 
techniques for analyzing the combined fluid dynamic 
and heat-transfer (lithothermodynamic) performance 


of melting penetrators and the application of these 
techniques to specific penetrator designs and con¬ 
cepts. Numerous thermal analyses involving two- 
dimensional beat-conduction solutions have been per¬ 
formed In 8'.;vport of the prototype design and devel¬ 
opment effort to predict temperature profiles In 
critical regions of penetrator systems. 

2j^_Co mputer Code Development 

!Ihe analytical problem of a heated penetrator 
advancing into solid rock requires a study of the 
nonlinear fluid dynamics of creeping vlEcoua flow 
with high thermal flux-energy interactions. Although 
some aspects of the analysis are similar to classical 
sreas of Investigation In slow viscous flow theory, 
the coaplete problem formulation respresents a dis¬ 
cipline of its own. Solutions will be characterized 
by the following features: 

a Ihe characteristic fluid velocities Involved 
are very low even for the most optimistic 
penetration rates. As a consequence, the 
fluid dynamics problem Is Inherently Incom¬ 
pressible and the very low Reynold's 
numbers allow the Inertia terms to be ne¬ 
glected in the Navler Stokes equations. 

• The viscosity of the melted rock materials 
Is very high and strongly teinperature- 
dependent. 
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• 111111811/, only Bteady-Btate axlBymaetrlc 
solutions need Iw considered. 

• In addition to the sensible-beat transfer, 
an effective latent heat of melting must be 
Included in the thernAl energy balance. 

• Ibe energy contribution from viscous heating 
le negligible and hence the dlsBlpatlon 
function can be neglected In the energy 
equation. 

Ihe motion of a heated penetrator through a 
melting medium can be fomvilated In terns of the 
partial differential equations governing the physlce 
of the process. Sj axlBynnietrie cylindrical coordi¬ 
nates (r, z) with radial velocity v Bnd axial ve- 

T 

loclty these equations are: 


32 = 
ar 


X a 

p |j: (r w^) + gj- = 0, the continuity equation; 
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the r-directlon Ravler Stokes equation; 
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the z-dlrectlon Kavler Stokes equation; and 
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the energy equation; 


where P is the pressure and u, p, c, X, and T are 
the rock-melt dynamic viscosity, density, specific 
heat, thermal conductivity, and tenq)erature, 
respectively. 

In consideration of the typical penetrator geom- 
trlee. It Is convenient to these equations In 
a general curvilinear orthogonal coordinate system 
that corresponds to the melting i>enetrator shape. 
Ibis generalized coordinate system Is Illustrated 
In Fig. 3^ where the new transverse coordinate le 
n> the meridional or streamuise coordinate Is S, / 
is the local melt-layer thickness, and 0^ Is the 
angle between the penetrator surface and the axle 
of revolution. 

Rewriting the basic equations In the new coor¬ 
dinate system and neglecting lower-order teims, the 
sln^tllfled equations are: 



Pig. 3k. General curvilinear orthogonal coordinate 
system. 

^ (orv) + (iru) = 0, the continuity equation; 
on ot> 

the S-dlrectlon Navier Stokes equation; and 

^ /o r X = a t r 0 cv^-'- l^r o r u ^ 
the energy equation; 

where v Is the transverse velocity coiq)onent, u Is 

the meridional velocity component, and a = (dS*/dS)n 
* 

where S is the meridional distance along any constant 
n line. As in typical boundary layer theory, the n 
direction Navier Stokes equation contains only lower- 
order terms and is replaced in this case with an in¬ 
tegral form of the continuity equation. 

Ibeae equatlona, together with appropriate 
boundary conditions, have been aolved numerically by 
using a finite-differtince technique. Ibe results 
have been Incorporated Into a coiiq>uter program for 
performing detailed llthothermodynamlc analyaea of 
melting penetratora. 

For futitfe etress-analysls calculations on i>ene- 
trator bodies, extraction, and stem coiqponents, a 
new conq:uter program named FIACID baa been developed. 
PLACID is a finite-element atreas-enalysis program 
capable of generating plane atreaa, plane strain, 
and exlsynmetrlc solutions. A unique feature of 
this code Is that all Input is prograimaed by the 
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Fig. 35, Melt Interface location ae a function of 
penetration rate for an alluvluin-corlng 
penetrator. 

ueer via eitbroutlnes. Ab a result, material prop¬ 
erties can be nonlinear, time- and/or temperature- 
dependent, and can also posseaa three-dlmenElonal 
anisotropy. 

3. Significant Analytical Results 

Hbteworthy technical achievements In this area 
include: 

• Utilizing the newly developed llthothemc- 
dynamlc con^uter program, calculations have 
been performed for the UU-mm-dlam alluvium- 
coring penetrator, Ihese calculations In¬ 
dicate that the penetration rate will be 

IV 0.2 mm/s for a tmlform swface teii^erature 
of 2000 K and typical conductivities of sol¬ 
id and melted rock. For a uniform penetra¬ 
tor surface temperature of 1800 K, the pene¬ 
tration rate decreases approximately linear¬ 
ly with the decreasing temperature differ¬ 
ence available for melting. Calculated 
results for the melt-to-solld Interface lo¬ 
cation for various penetration rates In tuff 
ere shown In Fig. 35. 

• Calculations were performed to predict the 
significant llthothermodynamlc character¬ 
istics of the hlgh-advance-rate 62-iiin-dlam 
UEP. The predicted performance map for this 



Fig. 36. Calculated llthothermody naml c i>erformBnce 
of a hemisphere-cylinder consolidating 
penetrator In tuff. 

penetrator design melting In basalt was pre¬ 
sented In Section II-B cf this report. 

• Farametrlc llthothermodynamlc analyses have 
been conducted on consolidating penetrators 
with different geometrical shapes, Calcula- 
tional results for a hemisphere-cylinder ge¬ 
ometry based on typical local tuff properties 
are shown In Fig. 36. The theoretical pene¬ 
tration rate In the consolidation mode is 
shown to be proportional to the heated length 
of the penetrator as represented by the length- 
to-dlameter ratio for a 75-iiim-dlam penetrator. 
As Indicated by the cross-plot lines of con¬ 
stant melt-layer thickness at the penetrator 
tip, the maximum penetration rate could be 
limited by unmelted hard particles such as 
quartz crystals. Note that the calculatlonal 
results presented In "ig. 36 do not satisfy 
the consolidation relation locall]} but only 
require that the melt layer at the end of the 
heated penetrator afterbody be sufficiently 
thick for con^lete density consolidation of 
the melt. Penetrators exhibiting this type 
of melt-layer control will be referred to as 
Melt Itansfer Consolidation (MTC) i>enetratore 
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Fig. 37« Calculated Uthothenoodynanilc perfbrmance 
of a doiJ(ble-cone consolidating penetrator 
In tuff. 

to denote the fact that toolten rock Is trans¬ 
ferred according to a calculated axial ve¬ 
locity profile from the leading-edge sur¬ 
faces of the penetrator to Its afterbody 
vhere the final density consolidation melt- 
layer thickness relation Is satisfied. 

• Ihe calculated x)enetration rate, surface 
temperature, and minimum thrust requirement 
as a function of heating i>over (not Includ¬ 
ing stem-conduction losses) for the 75-nin- 
dlam consolidating penetrator are shown in 
Fig, 37. Hiese calculations show that the 
theoretical penetration rate of this douhle- 
cone shape is conelderahly lover than that 
of the hemisphere-cylinder geometry shown 
In Pig. 36 for the sane surface tengierature 
and the same length-to-dlameter (l/d) ratio, 
nils conclusion was also verified for a 
parabolic penetrator. Indicating the inpor- 
tance of penetrator geometry on advance 
rate. Ihe rapidly decreasing minimum thrust 
depicted In Fig. 37 Is a result of the 
strongly decreasing viscosity associated 
with the higher penetrator surface 
tenperatures. 


• A theoretical investigation on the effective¬ 
ness of extended melting surfaces was per¬ 
formed. Fbr OEFs, extended melting sur¬ 
faces can be used advantageously particular¬ 
ly when combined with multiple melt-removal 
porta which direct the external melt to the 
Interior of the penetrator. ?y preserving 

a thin external melt layer, the effective- 
neas of the extended surfaces is greatly en¬ 
hanced. the conaolidatlon mode, however, 
the melt layer can only be kept thin over 
the leading edge of the penetrator and the 
potential advantagea of extended melting 
surfaces r^ldly diminish along the remainder 
of the penetrator body. 

C. Systems Jhtegratlon and Model Studies 

Die first major systems Integration and model 
study. Incorporating both technical and economic 
model developments, has been performed fbr the large 
tunneler concept, Ihree specific objectives were 
established for this study: First, to develop tech¬ 
nically sound conc^tual designs of nuclear Siibter- 
rene tunneling machines (iS^IMs). Second, to make a 
cost coipariaon between the conceptual NSTMs and 
tunneling with Tunnel Boring Machines (TBMs) or con¬ 
ventional excavation methods. And third, to deter¬ 
mine the beneflt-to-cost ratio for a projected major 
Subtezrene development program costing ~ $100 x 10^ 
over an eight-year period. The basic characteris¬ 
tics and Bssuaptlons Involved In the systems model 
development ere outlined below: 

• Two conceptual designs for NST^, s imilar to 
those described In Section VI-A, were uti¬ 
lised in the model study. 

• Tunnel sizes studlel ranged from U to 12 m 
finished diameter and the average operation¬ 
al sustained advance rate was 1.3 m/h. 

• Thermal energy fbr rock-melting was obtetnel 
from a cospact nuclear reactor with llqutd- 
metal heat pipes being used to distribute 
the energy to the rock-melting face. 

• Die NSTU-generated glass tunnel liners elim¬ 
inated any other form of tenporary support. 
Die glass liner thicknesses assumed for cost¬ 
ing purposes were 4^ of the finished tunnel 
diameter for unfavorable conditions and 

‘ 2 $ of the finished tunnel diameter fbr sound, 
hard rock. 
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Fig. 38. Effect of advance rate on taaellne tiumel 
coat. 

• nie peroanent tunnel llnere consisted of tiie 
lock glass plus a conventional concrete 
liner, vlth overall liner thickness equaling 
8^ of the tunnel diameter, 
e Ihe excavation face was sealed hy the NS!IN; 
muck removal was hy the hydraulic-slurry 
method; and the glass liner, reactor cos^o- 
nents, and tunnel air were water-cooled. 

^e study results indicated that for very hard 
rock or unfavorable soft ground (e.g., wet, running, 
houldery), average cost savings of RSnie over TBMs 
or conventional methods were estimated to he of the 
order of 30 and respectively. Excellent cost 
benefits fOr the development of NSm systems were 
Indicated, considering only U.S. transportation de- 
oands up to CY 1990. Ihe predicted effect of ad¬ 
vance rate on ttninel cost for a baseline case is 
shown in Fig. 38. Many other potential benefits in 
addition to transportation applications also exist, 
^e nuclear thenoal-power requirements were calcu¬ 
lated to be 7 and 63 for 4- and 12-m-dl8m tun¬ 
nels, respectively, as Illustrated in Fig. 39- 



Finished Tunnel Diameter (m) 


Fig. 39. Beactor thermal power vs finished tunnel 
diameter. 


cost of the thermal power required to melt the rock 
was M 4 to 7^ of the total excavation project cost. 
D. Applications and Deehnology ttblllsatlon 

She nuBber of novel and conventional applica¬ 
tions of Subterrene technology that have been inves¬ 
tigated continue to increase and range from deep 
hot-rock penetrations for geothermal-energy e;q?lora- 
tlon to eiqtlacements in arctic permafrost. 

Bsrticular Interest in small-diameter, horizon¬ 
tal, glass-lined holes motivated a separate study, 
which has been coiqsleted. Ihese small horizontal 
borings can he used as underground utility conduits 
for the Installation of telephone, gas, water, and 
television lines; as glass-lined holes for high- 
explosive shot enqslaccmsnt; and as drainage holes 
to stabilize roadcuts and embankments. The study 
indicates that hole cttralghtnese requirements can 
be met by adding deviation sensors and alignment- 
control units to the hole-forming asseiibly. 

The technical reports on all phases of Subter¬ 
rene activities continue to be in demand and are 
forwarded to ell Intereated parties. Lists of com¬ 
pleted and In-progrees Subterrene technical reports, 
Including those intended for publication in scien¬ 
tific Journals, appear in Section VIZ. Sie Subter¬ 
rene was featured on the Axsnt covers of the June 
1973 isBue of "Mining Engineering” and the July 1973 
issue of "Water Well Journal." Both issues contain¬ 
ed accoiqpanying artlclee. An article entitled 
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"Siibterrene Bock Melting Oevlces-Sbovliig the Way to 
New Tunneling Techniques" has been prepared at the 
request of the editor of "Tunnels and Tunnelling" 
magazine. This publication is the news outlet for 
the British Tunnelling Society, In conjunction with 
the large-tunneler study, all major U.S. tunnel- 
boring machine manufacturers were visited and brief¬ 
ed on the Subterrene concept. Technical conments 
and et^estions Arom their engineering staffs were 
utilized as guidelines in the conceptual NSTM study. 

Technical briefings presented to interested 
individuals and groups by the Subterrene staff con¬ 
tinue at the rate of about ten per month. Interest¬ 
ed individuals and groups Include United States 
Senators, representatives of major industrial con¬ 
cerns, representatives of the armed forces, utility 
and pover distribution specialists, drilling and 
oU-fleld specialists. University professors, tech¬ 
nically oriented professional engineers, and college 
students. 

As a result of dlscueslone with Westinghouse 
Corp,, an Industrial Staff Member has been assigned 
to the LASL Subterrene project and is ctvrently 
working in the area of penetrator thermal analysis. 

A contact was made with Hr. Walter W. Inng of 
the University of New Mexico, NASA Technology Appli¬ 
cations Center (TAC). Dlscueslone of the possible 


interest by TAC in doing a real-time study of the 
Subterrene technology trenefer efforts, methodology, 
and successes indicated that the TAC would be inter¬ 
ested in such a collaborative effort. 

The structure of the proposed Subterrene 
Technology Advisory Fsnel has been established with 
the fbUowing initial membership: 

• Chairman - A person with broad engineering 
experience. 

• One member from a Federal Agency with inter¬ 
est and responsibilities in tunneling and 
excavation. 

• A University professor from a civil, mining, 
or geological engineering department with 
well-recognized expertise in excavation 
technology. 

• An economist with expertise in excavation 
technology (desirable). 

• nuree representatives from related industries. 

:biitlal intact in the area of public demonstra¬ 
tions has been achieved through the use of a mobile 
Subterrene field-demonstration unit in Bandelier 
National Monument, NM. ^ addition, a short docu¬ 
mentary color film on the Subterrene concept has 
been produced, and narration via a cassette tape 
will be available shortly. 
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VII. TECHNICAL BEFORTS 


Copies of the reports listed below csua be obtained from: 

National Technical Information Service (NTIS) - 
U.S. Department of Commerce 
5285 Fort Ro^l Road 
Springfield, Virginia 22131; 

the comnleted reports are Identified by their LA-MS 
numbers by NTIS. 

Discussions of the technical reports can be directed to 
Individual authors at: 

University of Califbmia 
Los Alamos Scientific Laboratory 
P.O. Box 1663 
Group ft-23 

Los Alamos, New Mexico 873^ 

Telephone: (505) 667-6677 


A. COMFLEIED TECHNICAL REPORTS 


LASL 

Report Ho. 

Title 

Author(s) 

LA-4959-tB 

ThermodyGamic Stability Considerations In the Mo-BN-C System. 
Application to Prototype 3va>terrene Penetrators. 

H. C. Krupka 

LA- 5094 -MS 

Internal Reaction Hienomena in Prototype Subterrene Radiant 

Heater Penetrators. 

M. C, Krupka 

LA- 5135 -MS 

Internal Ttei^rattire Distribution of a Subterrene Rodt-Meltlng 
Penetrator. 

R. 6. Gldo 

LA-5S04-MS 

Subterrene Penetration Rate-Melting Bower Relationship. 

R, G. Gldo 

LA- 5205 -ie 

Design and Developnient of prototype Universal-Extruding 

Subterrene Penetrators. 

J. W, Neudecker 
A. J. Glger 

P. E. Armstrong 

LA- 5206 -MS 

Identification of Potential Applications for Rock Melting 
Subterrenes. 

0. L. Sims 

LA- 5207 -MS 

Heat Lose Calculations for Ehiall Diameter Subterrene 

Penetrators, 

D. J. Murphy 

R. G. Gldo 

LA-5S08-MS 

Rienomena Associated with the l^ocess of Rock-Melting. 

Application to the Subterrene System. 

M. C. Krupka 

LA-5209-16 

Development and Construction of a Modularized Mobile Rock- 
Melting Subterrene Demonstration Ikilt. 

R. E. Vimams 

LA-5210-16 

large Subterrene Rock-Melting Tunnel-Excavation Systems, 

A Preliminary Study. 

R. J. Hhnold 

LA-5212-M5 

Design Description of Melting-Consolidating Prototype 

Subterrene Penetrators. 

J. V. Neudecker 

LA- 5213 -MS 

Description of Field Tests for Rock Melting Penetration, 

R. G. Gldo 

LA-5354-MS 

Systems and Cost Analysis for a Nuclear Subterrene Tunneling 
Machine ■■ A Preliminary Study. 

J. H. Altselmer 

LA-5370-M3 

Use of the Rock-Melting Subterrene for Formation of Drainage 

Holes In Archaeological Sites. 

R. £. VlUlaiiiE 

J. E. Griggs 
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B. TECHNICAL BEFOBTS IB HiOGBESS 


Title 


Hock Eeat-Lo8B Shax>e Hkctora for Stibterrene Benetzators. 

Thermal Design Aoalyels of a Subterreme Onlversal Bictrudlng 
Bsnetrator. 

Deecriptlon of the ATER Heat Conduction Cos^titer Program. 

A Versatile Bock-Melting System for the Formation of Snail 
Diameter Horizontal Glass Lined Holes, 

Conceptual Design of a Coring Subterxene Geoprospector. 

Numerical Solution of Melt Flow and Thezmal Siergy Transfer 
for a Bock-Melt Ing Fenetrator - Llthothenaodynamtcs. 

FIACID - A General Finite Element Cosputer ftvgram for 
Stress Analysis of FXe^e and Axisyimaetric Solids. 

Field and Laboratory Besults for Consolidating Benetrators 
from 25 to 7[> mm In Diameter. 

Unique Refractory Fabrication Techniques for Subterrene 
Benetrators. 

Selected Fhyslco-Chemlcal ITopertieE of Basalt Bock, 
Liquids, and Glasses. 

Carbon Recqetor Reaction in Subterrene Benetrators. 


Design, Analysis, and Tests of a Consolidating, Coring 
Fenetrator. 


Author(s) 

G. E. Cort 

B. G. Gldo 

C. E, Cort 

B. G. Lawton 

D. L. Sims 

J. W. Neudecker 
R. D, McFarland 

R. G. Lawton 

C. A. Bankston 
W. C. Tomer 

H. C. fOn^ka 

W. A. Stark 
H. C. iQnpka 

H. D. Muphy, et al 


J. C. Rowley 


J, C, Rowley 


J. C. Rowley 


J. W. Neudecker 


J, C. Rowley 
R. J. Banold 
D. L, Sims 


C. HtESENTATXONS AND JOURNAL ARTICIES 

University of California Regents (ihvited Lecture) 
LASL Subterrene Program 

Comnlttee on Advanced Developments (Invited ggesectatlon) 

Subterrene Concepts for Mlnl-Tunneler for Ifodergroundlng 
of Bower Transmission Lines. 


Rocky Mountain Science Council (invited Rresentatlon) 
Rock-Melting Excavation and Tunneling. 


Aerospace Instrumentation Symposium 

Subterrene Lietrumentatlon Requirements; Instrvasentatlon 
In the Aerospace Industry, Vol. I 9 , W. Washburn Ed., 

pp. 7-10, 1973 . 


Technical Seminar on Rapid Tuimellng & 
Bccavatlon Technology (Invited Rresentatlon) 

The Subterrene Rock-Melting Concept Ih Future Excavation 
Technology. 


Los Alamos, NH 
April 12 - 13 , 1973 . 


Edison Electric 
Institute, 

Los Alamos, NH, 
Jfay 1, 1973- 


Los Alamos, NM, 
»by 11-12, 1973* 


Instrument Society 
of America, 
las Vegas, HV, 

May 21 - 23 , 1973. 


U.S. Air Force, 
Weapons laboratory 
ClvlL Engr, Res. Div. 
Albuquerque, RM, 

Msy 31 , 1973 . 
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J. C. Rovley 


P. E. ArwBtrong 


R; j; Biuold. 

J. V. Neudecker 


J. H. Altselmer 


R. J. Hanold 


M. C. Kn^ka 
W. J. Stark 


D. L. Sims 


R. R, McFarland 
J. Hanold 


J. C. Rovley 


Arkansas River Besln Group (invited Lecture) 
fihe lASL Subtenrene Program. 

aist Meeting of national Refractory 
CoiBpoalteB Working '^roiip (Invited a?eaentatlon) 

Siditerrene Bsnetration Materials. 

Engineering & Comittee Meeting (invited Balk) 

ibe lASL Subterrene nrogram. 

Tunnels & Tunneling (Invited Article) 

SUbterrene Rock Melting Revlces — Shewing tbe Vay to 
New Tunneling Techniques. 


15th Symposium on Rock Hechanlcs (Presentation) 

The Subterrene Conc^t and Its Role In Future Excavation 
Technology. 


26th Regional Meeting (ftesentation. Abstract Accepted) 

Refractory Material and Glasa Technology KK>blens 
Associated with the Development of the Svibterrene — A 
Rock Melting Drill. 

197*t Offshore Ttechnology Conference (Paper Abstract) 

Melting Glass Lined Holes In Rock and Soil with the 
Los Alamos Scientific laboratory Subterrene. 


24th Heat Transfer & Fluid Mechanics Institute (Abstract) 

Viscous Melt Flow and Thersml Energy Transfer for a Rock- 
Melting Penetrator Lithothermodynamlce. 


3rd International Congreaa (Abstract Submitted) 
Rock Melting Applied to Excavation & Tunneling. 


Los Alamoa> 

July 17, 1973. 


Los Alamos, NM, 
July lB-19, 1973. 


REST Associates, 

Los Alamos, BM, 
August 13-14, 1973* 


British Tunneling 
Society, 

September 7, 1973 
(Intended for next 
issue.) 


U.S. Rational Coim. csi 
Rock Mechanics & Dept. 

of Mining Bogr., 
Sept. 17-19, 1973. 


American Ceramic 
Society, 

Oct. 31-Hov. 2, 1973. 


SK of AIHE 
DallBS, TX, 
May 5-8, 1974. 


Oregon State Iblv. 
Mech. Ecgr. Dept. 
Corvallis, OH, 

June 12 -i 4, 197*i'. 


Bitemational Society 
for Rock Mechanics 
Denver, CO, 

September 2-7, 1974. 
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